Hepatitis C virus (HCV) exists as a quasispecies within an infected individual. We have previously reported an in-frame 3 bp insertion event at the N-terminal region of the E2 glycoprotein from a genotype 4a HCV isolate giving rise to an atypical 28 aa hypervariable region (HVR) 1. To further explore quasispecies evolution at the HVR1, serum samples collected over 9.6 years from the same chronically infected, treatment naïve individual were subjected to retrospective clonal analysis. Uniquely, we observed that isolates containing this atypical HVR1 not only persisted for 7.6 years, but dominated the quasispecies swarm. Just as striking was the collapse of this population of variants towards the end of the sampling period in synchrony with variants containing a classical HVR1 from the same lineage. The replication space was subsequently occupied by a second minor lineage, which itself was only intermittently detectable at earlier sampling points. In conjunction with the observed genetic shift, the coexistence of two distinct HVR1 populations facilitated the detection of putative intra-subtype recombinants, which included the identification of the likely ancestral parental donors. Juxtaposed to the considerable plasticity of the HVR1, we also document a degree of mutational inflexibility as each of the HVR1 subpopulations within our dataset exhibited overall genetic conservation and convergence. Finally, we raise the issue of genetic analysis in the context of mixed lineage infections.
INTRODUCTION
Hepatitis C virus (HCV) is a hepacivirus that exists as a family of seven major genotypes and numerous subtypes (Murphy et al., 2007; Simmonds et al., 2005) . The positivesense, ssRNA genome encodes a single polyprotein that is processed by cellular and viral proteases giving rise to 10 proteins (Penin et al., 2004) . Progression from acute to chronic hepatitis C infection represents 50-80 % of cases, with outcomes ranging from gradual hepatic fibrosis to hepatocellular carcinoma over several decades (Timm & Roggendorf, 2007) . Genotypes are not equipotent with respect to the development of chronic infection (Lehmann et al., 2004; Simmonds, 2004) . Persistence is enhanced through changes in antigenic epitopes arising as a consequence of low fidelity of the virally encoded, RNAdependent RNA polymerase and selective pressures exerted by the host immune system (Schmidt-Martin et al., 2012; Timm & Roggendorf, 2007) .
The virally encoded RNA-dependent RNA polymerase has an estimated error rate of the order of 10 23 to 10 25 mutations per nucleotide per genomic replication (Duffy et al., 2008) . These mutations are not distributed evenly over the viral genome and three hypervariable regions within the E2 envelope glycoprotein have been characterized (Farci et al., 1996; Troesch et al., 2006) . The HVR1 is typically a stretch of 27 aa at the N-terminal extremity of E2 and demonstrates the highest degree of heterogeneity. In spite of this flexibility, overall conservation of the physio-chemical properties of replacement amino acids is evident (Hino et al., 2002; Penin et al., 2001) . Following HCV infection both strain-specific and cross-reactive neutralizing antibody responses develop. This antibody response in part targets the HVR1 (Farci et al., 1996; Kato et al., 1993; Logvinoff et al., 2004) . It is known that the HVR1 undergoes repeated change over time in an attempt to mask recognition of the HCV glycoprotein, resulting in immune escape (von Hahn et al., 2007) . There are several reports of atypical HVR1 sequences containing insertions at the 59-terminal end of this domain implying that such events constitute part of the virus escape repertoire (Abe et al., 1992; Gerotto et al., 2001 ; Höhne et al.,
1994; Kato et al., 1992; Moreau et al., 2008a; Torres-Puente et al., 2007) .
We have previously identified an in-frame 3 bp insert in the HVR1 sequence obtained from an immunocompetent individual with chronic hepatitis arising from infection with HCV genotype 4a (Moreau et al., 2008b) . The origin and viability of HCV virions containing the atypical HVR1 is currently unclear as, to our knowledge, there are no indepth longitudinal studies that have explored this phenomenon. Our study utilized a panel of sera encompassing 9.6 years from the same individual. We document maintenance of the insertion for 7.6 years of the sampling period and document the earliest detectable ancestor to an insertion event. During this time lineage extinction or nondetection and switching were observed. We consider the consequences of this single amino acid insertion in relation to the physio-chemical properties of the N-terminal end of the E2 glycoprotein and present evidence to suggest that mutation within the HVR1 takes place in the context of relatively invariant sublineage-specific signature peptide motif(s). In addition, the presence of two distinct HVR1 populations facilitated the identification of putative intrasubtype recombinants. This single patient study affords us the advantage of in-depth analysis of quasispecies dynamics and cautions against compression of sequence data to facilitate the calculation of genetic parameters.
RESULTS

Study sample characteristics
Serum from nine sampling points (T1-T9) spanning 9.6 years were analysed with the time between sampling ranging from 6 months to 2 years. The quasispecies diversity for T3, in which the atypical HVR1 was first observed (Moreau et al., 2008b) , was pooled with sequences arising from eight further samples to generate a more complete longitudinal assessment of intra-host variation of quasispecies.
In all 404 clones were sequenced, of which 149 were unique at the nucleotide level. All sequences were confirmed as arising from an HCV genotype 4a infection through phylogenetic analysis with published pan-genotype HCV sequences (data not shown). In all the study dataset comprised of 160 sequences (149 unique with 11 additional homologous intertime point sequences). A mixed intra-genotype infection, not characterized in the original study (Moreau et al., 2008b) , was identified and confirmed by phylogenetic analysis. The two component lineages are designated 1 and 2 (Figs 1 and 2). %   T1  T2  T3  T4  T5  T6  T7  T8  T9   T1  T2  T3  T4  T5  T6  T7  T8  T9   100   90   80   70   60   50   40   30 Table  2 . Of particular note is the HVR1, as designated by a black box, which was detected in seven of the nine sera analysed (8.6 years). The mean diversity/hamming distance per time point of all HVR1 sequences (27/28 aa) within that time point is also given as a dashed line. Maintenance of an atypical HVR1 and subsequent pronounced population shift
Variants containing a 3 bp insertion resulting in an atypical HVR1 were identified in seven concurrent samples (Fig. 1a ). An inability to detect variants containing the insertion at T8 and T9 indicated that a dramatic quasispecies population shift had taken place. The disappearance of the sublineage containing atypical variants immediately preceded the complete disappearance of all lineage 1 variants. The replication space was subsequently occupied by lineage 2 variants. Prior to T7, lineage 2 variants never comprised more than 15 % of the clones in any given sample and were not detected at T2 or T6 (Fig. 1a) .
It has been suggested previously that 20 clones is sufficient to capture 95 % of the major population of variants, which are present at a frequency of 10 % or more (Polyak et al., 1997) . The isolation of one variant at T3 (GenBank accession no. EU482135) by IgG separation of the quasispecies population suggests that this clone has crossed an immune activation threshold (Moreau et al., 2008b) . Significantly EU482135 constitutes .20 % of the clonal population isolated a T3 and clusters in a branch of the phylogenetic tree that terminates at T4 (Fig. 2b, asterisk) . Examples are seen in both branches A and D where inter-time point homologous amino acid sequences occupy increasingly larger proportions of the clonal population only to become undetectable there after (Fig. 2b) . The collapse in amino acid diversity at the HVR1 post-T4 (Table 1) suggests that lineage 1 has also crossed an immune activation threshold ultimately resulting in the elimination of these quasispecies from the population (Sallie, 2005) . Four variants isolated at T1 are immediately recognizable through their separation away from other typical HVR1 variants (Fig. 2 , branch E). These sequences perhaps signify the last identifiable marker of a previous lineage 1 subpopulation that itself underwent extinction prior to T1.
Temporal mapping of HVR1 sequence evolution
Our study has enough clonal depth to temporally track the maintenance of individual HVR1 quasispecies. Of significant interest was the ability of particular sequence motifs to remain detectable for 8.6 years ( Fig. 1b , black boxes). This particular HVR1 sequence constituted a minor species with a frequency of 0.02 in T1 (1/59 unique HVR1 clones). This value fluctuated from 0.19 at T2 to 0.06 at T3. Absent at T4 it again emerges as a subdominant population in T5 at a frequency of 0.15 and by T6 and T7 is respectively present in 0.35 and 0.39 of the clones sequenced. It was last detected in T8 at a frequency of 0.04 prior to its elimination below the limit of detection with lineage 1 variants. This example is replicated by eight other HVR1 sequences to varying degrees (Fig. 1b) . HCV exploration of the synonymous space within the HVR1 suggested that amino acid homogeneity was not reflective of nucleotide homogeneity. The mean diversity of the HVR1 amino acid sequence in isolation (from the rest of the sequence) fluctuates between 30 and 50 for the first seven sampling points (Fig. 1b) . At T8 this values rises substantially to 63, despite just two unique HVR1 sequences recovered from this sample ( Fig. 1b and Table 1 ). The high mean diversity at T8 is accounted for as one sequence is derived from a lineage 1 clone, while the other is derived from a lineage 2 clone. Juxtaposed to this is the low mean diversity at T9. In this instance the population is solely comprised of lineage 2 variants. Splitting the variant population into lineage-specific subsets we show that HVR1 intra-lineage mean diversity is not predictable at a number of time points including T8 (Table 2) owing to the lack of sequence diversity. Analysis of the d N /d S ratios of the atypical HVR1 subpopulation in isolation shows purifying selection has taken place at all time points except for T3. In contrast, the typical HVR1 variant subpopulation initially undergoes positive selection at T1, T2 and T3 followed by a sustained period of purifying selection at T4, T5 and T6. Our data supports a key concern that cautions against compression of complex viral genomic datasets in the calculation of genetic parameters. Table 2 succinctly demonstrates how unrecognized mixed lineage infections will lead to inaccurate measurement of viral diversity when all variants were used in the analysis (Wang et al., 2007) .
Quasispecies population dynamics over 9.6 years
Phylogenetic analysis was applied to both unique nucleotide (n5160) and amino acid (n590) sequences. Lineage 1 demonstrated the greatest level of sequence diversity with five main clades identified ( Fig. 2a and b, annotated A-E).
The most striking feature of lineage 1 is the near complete separation of the typical and atypical HVR1 populations with three exceptions identified (GenBank accession nos GQ985348, EU482139 and JQ743309). Numerous intertime point occurrences of the same homologous nucleotide sequence were observed, with exceptional sequences detectable for up to 6.3 years ( Fig. 2a , lineage 2). Amino acid sequence homology extended to 8.6 years ( Fig. 2b , branch A). Additional temporal convergence overtime is also evident in the atypical lineage 1 population.
The isolation of individual clones with large genetic distances in each of branches A-D is suggestive of prospective sampling of the HVR1 sequence space (Fig. 2a) . This movement within the HVR1 space is forced upon the quasispecies as a likely consequence of on-going humoral immune pressure. The typical and atypical HVR1 clades of lineage 1 both have comparable branching structures wherein T4 signals the initial stages of lineage 1 collapse. After this time point the frequency of unique variants contracts (Table 1) . This contraction corresponds with a marked decrease in the number of non-synonymous mutations DWhere inter-serum degeneracy was observed, only a single accession number was assigned.
Temporal mapping of HVR1 evolution present in the sequences (Table 2 ) and the consequent extinction of branches B and C (Fig. 2) . There was no correlation between sample heterogeneity and changes in viral load.
It would appear that once a particular clone became established (detectable in two or more samples) the exploration of sequence space contracted and ultimately exhibited a convergent evolutionary pattern. This is shown in Fig. 2(b) where sequences present for extensive periods, temporally begin to dominate the quasispecies, only to succumb to purifying selection (branches A and D). Our data shows that the time required for such removal can be measured in years.
The observed population dynamics in lineage 2 do not match those described for lineage 1. Lineage 2 clones are remarkably static in their exploration of the HVR1 sequence space (Table 2 and Fig. 2b ) with the same HVR1 amino acid sequence found in .90 % of clones sequenced over the final two sampling points (Fig. 1b) . For these particular variants the next stage of evolution awaits further exploration.
HVR1 evolution is framed around an invariant backbone scaffold
The scope of the mutational capacity within the HVR1 is evident when independent 4a sequences are aligned (Fig. 3e ) and our dataset in toto mirrors this diversity (Fig. 3d) . Distinct sequence motifs were observed following partition of the dataset into (i) lineage 1 atypical, (ii) lineage 1 typical and (iii) lineage 2 variants with variable regions interspersed with invariant regions (Fig. 3a, b and c). Nineteen of twentyeight positions within the atypical HVR1 subpopulation have a conservation index value of nine or higher based on the analysis of multiply aligned sequences (AMAS) method of multiple sequence alignment (Livingstone & Barton, 1993) . This compares with the typical HVR1 population, where only 13/27 positions have conservation index values of nine or higher (Fig. 3b) .
Origins of the in-frame insertion
The phylogenetic separation of the typical and atypical HVR1 variants was near absolute with the notable exception of three clones: GQ985348, EU482139 and JQ743309 (Fig. 2,  triangles) . In each instance these variants offer clues as to the dynamics of quasispecies movement over time.
GQ985348 was isolated from T1 and contains a typical (27 aa) HVR1 sequence yet clustered with atypical HVR1 clones also isolated at T1 (Fig. 2) . The data supports the supposition that GQ985348 is a direct ancestor that was present immediately prior to the insertion event and the founder sequence for branches C and D. Within T1 six unique nucleotide clones were identified which code for an atypical HVR1 sequence containing 26 of the 27 HVR1 amino acids present in the GQ985348 sequence. Additionally, alignment of the consensus sequence of the atypical HVR1 subpopulation against this clone showed only 12 nt polymorphisms (15 including the 3 bp insertion) across the entire sequence (Fig. S1a , available in JGV Online). This translates to four amino acid points of difference within the HVR1, except for the insertion. Separately, the most closely matched sequence found in the typical HVR1 subpopulation contains 11 amino acid differences. In silico addition of the 3 bp insertion to GQ985348 followed with repeated phylogenetic analysis places this clone more centrally within branch D9 (data not shown). EU482139 provides a direct contrast to GQ985348 as its position on the tree supports the supposition that the ancestor of this variant has undergone a secondary insertion event that survived for a limited period of time (Fig. 2) . A high degree of homology is observed between EU482139 and a typical HVR1 variant isolated at T1 (GQ985357) (Fig. S1b) .
In this instance, however, little or no additional fitness was gained by the variant as evidenced by the lack of detectable progeny clones. In silico deletion of the additional codon (residues 205-207 of the clonal sequence) from EU482139 does not alter its location, implying that the HVR1 phenotype already present was incapable of accommodating the additional amino acid.
JQ743309 was initially assumed to be the result of an indel event. However, in silico manipulation to simulate such an event could not account for its large genetic distance from the other atypical HVR1 variants (Fig. 2a) . Consequently, it is presented as a putative recombination event (see below).
Identification of intra-subtype recombinants
The limitations placed on the HVR1 sequence as observed in Fig. 3 , in addition to the overall convergence of the component sequences (Fig. 2) , may have forced the exploration of new sequence space. Recombination is one mechanism that can provide novel sequence space. Here, we identify two putative intra-subtype recombination or template-switching events through discordant phylogenetic assignment of sequences (Figs 2a and 4) . The clone FJ744095 is the putative progeny virion of a recombination event involving ancestors of clones isolated from T1 (GQ985364) and T4 (FJ744096), while JQ743309 is most likely derived from recombination between ancestors of clones isolated from T1 (GQ985340 and GQ985356). The isolation of the ancestral donor sequences and putative recombinants from separate sera strengthen the argument that the recombinants did not arise as a consequence of an in vitro artefact.
For FJ744095, analysis with SimPlot identified a crossover region overlapping position 160 of the clonal sequence (e) Non-redundant genotype 4a HVR1 sequences (n57, GenBank accession numbers: AF488371, AM885382, DQ418782, DQ516084, DQ988075, GQ379230 and GU814265) from independent studies were compiled as a reference. The insertion is indicated by an asterisk. For all variants combined the insertion was removed from atypical variants in silico to facilitate alignment. Logos were created using Weblogo 2.8.2 (http://weblogo.berkeley.edu/). The y-axis indicates the sequence conservation at that position (measured in bits) with 4.32 bits indicative of 100 % conservation. The height of symbols at each position reflects the relative frequency of the corresponding amino at that position. Black: non-polar, green: polar, red: aromatic, blue: positively charged, orange: negatively charged. Displayed beneath each logo is the sequence conservation index of physio-chemical properties calculated using the Jalview program (http://www. jalview.org) based on the AMAS method of multiple sequence alignment (Livingstone & Barton, 1993) . Increasing levels of amino acid conservation are scored 0-9 followed by + to denote a conservative physio-chemical change, with absolute conservation of amino acids residues denoted by an asterisk.
Temporal mapping of HVR1 evolution (Fig. S2) . In contrast, the crossover point for JQ743309 is predicted to be (within the HVR1) between residues 215 and 230 (Fig. S3 ). This phenomenon of intra-subtype recombination has been rarely reported in the literature for HCV (Moreno et al., 2006; Sentandreu et al., 2008) .
DISCUSSION
Elucidating the structure and role of E2/HVR1 has been the focus of a number of recent studies (Bankwitz et al., 2010; Krey et al., 2010; McCaffrey et al., 2011) . The HVR1 does not appear to participate in the overall conformation of the E2 glycoprotein and numerous studies have identified insertion events in this region (Abe et al., 1992; Aizaki et al., 1996; Cuevas et al., 2009; Gerotto et al., 2001; Höhne et al., 1994; Kato et al., 1992; Moreau et al., 2008a; Torres-Puente et al., 2007) . This implies that atypical HVR1 virions are viable. It has been shown that deletion of the HVR1 merely reduces HCV infectivity, with reversion to wild-type levels achieved over time through compensatory non-synonymous point mutations both in the 39-end of E1 and immediately downstream of the HVR1 (McCaffrey et al., 2011) . The serendipitous discovery of an in-frame 3 bp insertion into the E2 coding sequence posited the interesting question as to the longitudinal viability of such non-classical isolates (Moreau et al., 2008b) .
Accommodation of the insertion
The study as outlined provides a detailed account of the natural evolution of the HCV glycoproteins over an extended period of time in the absence of antiviral-mediated selection pressure(s) and offers intriguing insights into the scope of long-term quasispecies diversity and evolutionary capacity. We provide evidence to support the hypothesis that shifts in viral populations may eliminate a large number of variants 1 90 FJ744095 GCATGGGATA TGATGATGAA CTGGAGTCCA ACGACCACCT TACTCCTTGC CCAGGTTATG AGGATCCCAA GTACTCTGGT GGACTTACTC 0  8  1  1  9  FJ744095 ACTGGAGGTC ACTGGGGTGT CCTCGTGGGA GTGGCCTATT TCAGCATGCA GGCTAATTGG GCCAAAGTCA TCTTAGTCCT ATTCCTTTTT  GQ985364 T ----------------------------G --------------------A-----------------------------G-----C---FJ744096 ----------------------------------------A---------------------------------------------C--- 
GQ985364 --------------------------------A--------------C---------------------G ----------A--T------FJ744096 --------------------------------------------------------------------------------A---------
181
270 FJ744095 GCAGGAGTTG ACGCCGGGAC CCACGCAACA ACTGGGGCTG TGGCGGCCAG GGGGGCCAAG CACATCGCTG GGCTCTTTGA CAGCGGGTCT  GQ985364 ------------------------A-----------------------------------------------------------------FJ744096 -----G--------T-A---T---+++-T---------------AT----CAAC---C-A A-GT-TA-CA -CT-G--CAC GTT---CC- GQ985364 --------------------------------A------------------FJ744096 CA-------------------------------------------------1 
271
FJ744095 AGGCAAAACT TGCAGCTCAT TAACACCAAC GGGAGCTGGC ACATCAACAG G
JQ743309 GCATGGGATA TGATGATGAA CTGGAGTCCA ACGACCACCT TACTCCTCGC CCAGGTTATG AGGATCCCAG GCACTCTGGT AGATTTACTC GQ985340 --------------------------------A--------G-----------------------------T------------------GQ985356 -----------------------------------------------------------------------T-----------------
GQ985340 --------------------------------------------C--------T--T-----------------A---------------GQ985356 --------------------------------------------C---------------------------------------------
181
JQ743309 GCAGGGGTTG ACGCCAAGAC CACC+++ACA ACTGGGTCTG CGGCGGCCAG GGGGGCCAAG CACATCGCTG GGCTCTTTGA CAGCGGGTCT GQ985340 -----A---------GG-C--CA-ACA---------G---T------------------A ------------------------------GQ985356 --------------------------------------------A--------A-T--GC -G-G--A-----T------C -CC----C--
271
JQ743309 AGGCAAAACC TGCAGCTCAT TAACACCAAC GGGAGCTGGC ACATCAACAG G GQ985340 ---------T -----------------------------------------GQ985356 --C------T -----------------------------------------
(b) (a) Fig. 4 . Identification of putative intra-subtype recombination events. (a) FJ744095 (recombinant) arising from FJ744096 (ancestral E1 donor) and GQ985364 (ancestral HVR1 donor). (b) JQ743309 (recombinant) arising from GQ985356 (ancestral E1 donor) and GQ985340 (ancestral HVR1 donor). The putative crossover over regions, as predicted by SimPlot, are illustrated in Fig. S2 and S3. The HVR1 is identified by a box, which also distinguishes the E1/E2 junction. only to be replaced by variants under positive selection pressures (Pawlotsky, 2006) .
The atypical HVR1 unequivocally persisted over the first 7.6 years of the sampling period, to the point where clonal sequences containing the insertion dominated the quasispecies population. The clonal depth of our study facilitated the identification of a variant isolated at T1 (GQ985348), which the data supports as being the nearest detectable ancestor to the insertion event. The temporal range of sequence changes within the HVR1 accommodating the insertion was constrained ( Fig. 3a and S1a). The increased mutation frequency at residues 22 and 23 in the atypical HVR1 sequence (Fig. 3a) poses the interesting question as to whether this is the result of genomic sequence space sampling in order to accommodate the insertion event.
In addition, we also present evidence of a secondary inframe insertion event with the identification of EU482139, the only clone containing an atypical HVR1 which clustered in the typical HVR1 clade of the phylogenetic tree (Fig. 2a) . Analysis of the nine sera also highlighted a temporal shift in the genetic diversity and complexity over time. This may help explain inconsistent results with other cross-sectional studies, where the absence of detection of the ancestral lineage or founder isolate may have led to over classification of non-linked quasispecies as being from a separate lineage (Wang et al., 2007) .
Subset population analysis indicates constrained HVR1 flexibility
Weblogo analysis of genotype 4a sequences clearly illustrates the mutational capacity across the HVR1 (Fig.  3e) . It was interesting to observe that, combined, the HVR1 sequence generated in this study more closely resembled the conservation profile seen for unrelated 4a HVR1 sequences independently obtained ( Fig. 3d and 3e ). Comparative analysis of the three variant subpopulations within this study gives a clade specific perspective to the extent of HVR1 plasticity. It has previously been shown that mutational change within the HVR1 is not random (Hino et al., 2002; Penin et al., 2001) . Here, we have demonstrated that each population of variants is distinguished by invariant motifs, between which constrained mutational change takes place. Sequences containing an atypical HVR1 had the most invariant HVR1 overall (Fig. 3a) . The nearest detectable ancestor to the insertion event (GQ985348) is positioned on a sub-branch of the phylogenetic tree that is not detectable post-T4. The insertion is believed to facilitate the continuance of this population for a further 4 years. Sacrifices to protein functionality in favour of augmented drug resistance have been demonstrated previously with human immunodeficiency virus 1 reverse transcriptase (Briones & Bastolla, 2005) . Similarly, it would appear that atypical HVR1 sacrifices mutational capacity in order to delay clearance by host defences.
Temporal (sub)lineage stability
The infection of the liver is not uniform with reports that 28-85 % of hepatocytes stain positive for genomic HCV RNA, while only 4-25 % of hepatocytes have detectable levels of the replicative intermediate (Chang et al., 2000) . Coupled with this corralling of HCV into a defined replication space is the growing recognition that a viral quasispecies swarm may expand or contract due to cooperative or competitive interactions within the population (Arbiza et al., 2010) . A reduction in the available replication space may lead to the superinfection of hepatocytes, potentiating recombination. For selected subdominant HVR1 quasispecies in our study, the time delay between the emergence and apparent removal was up to 8.6 years (Fig. 1b) . A possible reason for this delayed clearance may reflect several issues; limited antibody cross-reactivity, a low neutralizing antibody titre and/or low turnover of HCV-infected cells (Campo et al., 2012; Wang et al., 2007) .
Recombination; the tip of the iceberg?
There are less than 20 in vivo reports of HCV recombination events in the literature (reviewed by González-Candelas et al., 2011; Shi et al., 2012) . Opinion is divided as to the innate frequency of recombination in HCV overall. It has been argued that recombination events at the E1/E2 junction should be dismissed as in vitro artefacts (Brown et al., 2005; Meyerhans et al., 1989; Zaphiropoulos, 2002) . Despite using the high fidelity polymerase Pwo for this study, amplification induced errors cannot completely be excluded. However, the argument for FJ744095 and JQ743309 being true recombinants is strengthened by the isolation of one or both of the ancestral donors from separate sera. In addition, the constituent portions of the ancestral donors did not demonstrate 100 % homology with those of the recombinants (Fig. 4) . Documentation of inter-genotype recombination is facilitated via heterogeneous sequences of the parental strands. Logically, the greater homology between subtypes should facilitate less problematic accommodation of the switched genes. However, identification of intra-subtype recombinants is curtailed by this very same homology. The presence of two distinct HVR1 populations circumvented this obstacle and facilitated our identification of these two putative intrasubtype recombinants. Sentandreu et al. (2008) and others have, in some instances, succeeded in identifying recombinants in over 10 % of patients (Luciani & Alizon, 2009; Morel et al., 2010; Sentandreu et al., 2008) . The restriction of recombination or template-switching to gene boundaries potentiates the likelihood that complete rather than truncated genes are exchanged, thereby increasing the probability that resultant virions are life cycle competent. This study extends previous reports that intra-subtype recombination is most readily seen at the junction of the E1 and E2 (Fig. 4a and S2) (Morel et al., 2011; Sentandreu et al., 2008) . JQ743309 differs in this respect with the crossover point predicted to be within the E2 sequence ( Fig. 4b and S3 ). The HCV genome (and that of many positive-stranded RNA viruses) contains a high level of secondary and higher order structures Tuplin et al., 2012) . A mechanistic explanation for RNA recombination in HCV may be found through analysis of secondary structural elements located at gene boundaries (Austermann-Busch & Becher, 2012; SimonLoriere et al., 2010) .
Conclusion
Our study highlights the plethora of multiple adaptive strategies utilized by HCV to maintain persistence and viability. We document the importance of in-depth analysis of genetic data to tease out the hidden facets of HCV quasispecies dynamics. Our detailed analysis documents the appearance, maintenance and ultimate removal of HCV variants.
METHODS
Serum samples. Serum samples from an individual chronically infected with HCV genotype 4a were collected periodically over 9.6 years. The VERSANT HCV Genotype Assay (LiPA) was used to establish the genotype of these HCV samples (Nadarajah et al., 2007) . Viral load was determined by use of Ampliprep/COBAS-TaqMan 48 platform (Roche). The patient was treatment naïve during this time frame. Quasispecies diversity of a midpoint sample from this panel of sera has previously been reported (Moreau et al., 2008b) . Characteristics of the serum samples and resultant clonal populations are given in Table 1 . A waiver of consent was provided by Clinical Research Ethics Committee of the Cork Teaching Hospitals as the sample used in this study was surplus to requirements following diagnostic investigations.
Quasispecies analysis. Amplification of the E1/E2 region of the HCV genome encompassing the HVR1 was performed as described previously with some adjustments (Moreau et al., 2008a, b) . Briefly, HCV RNA was extracted from 200 ml of serum using the MagNA Pure LC (Roche) to yield a final volume of 50 ml. Eleven microlitre of RNA was used to generate cDNA with AMV reverse transcriptase (Promega) to a final volume of 20 ml. One-fifth of the cDNA was used immediately for nested PCR using primers specifically designed to amplify the HVR1. This resulted in a fragment of 318/321 bp, which corresponds to positions 1209-1526 of a previously described HCV genotype 4a strain (GenBank accession no. DQ418782). The primer sets used were as follows: outer forward; 59-ATGGCATGGG-ATATGAT-39, outer reverse; 59-AAGGCCGTCCTGTTGA-39, inner forward; 59-GCATGGGATATGATGATGAA-39, inner reverse; 59-GTCCTGTTGATGTGCCA-39 (Lin et al., 2001) . All PCRs were performed using the proofreading Pwo DNA polymerase (Roche) to reduce the frequency of in vitro mutants and unequal template selection due to sequence heterogeneity (Mullan et al., 2001) . Procedures to guard against inter-sample contamination were employed as suggested (Kwok & Higuchi, 1989) . To test for possible quasispecies resampling a 1 : 100 dilution of the viral RNA isolated from all samples was amplified by RT-PCR and all dilutions were amplicon positive. Hence, quasispecies resampling is unlikely to be a concern with the data as presented (Domingo et al., 2006) . Molecular cloning and sequencing. PCR products were gel purified (Qiagen). Cloning of amplicons was performed using CloneJet PCR cloning kit (Fermentas). For each time point a minimum of 20 bacterial colonies, positive for the presence of the 318/321 bp insert, were grown in selective media mini-cultures and the insert-containing plasmids extracted using high-pure plasmid isolation kit (Roche). Sequencing of E1/E2 inserts was performed by Eurofins MWG Operon. All trace files were inspected to exclude sequences where double peaks or regions of ambiguous sequence were present.
Phylogenetic analysis. Sequences were initially aligned using Multiple Sequence Comparison by Log-Expectation (www.ebi.ac.uk/ Tools/msa/muscle/) and referenced against published 4a sequences (www.hcv.lanl.gov) . The program jModelTest was used to establish the best model of nucleotide substitution (Posada, 2008) . A general time reversible model (GTR+G+I) was chosen to construct unrooted maximum-likelihood models using MEGA5 with the 'use all sites' option selected for the treatment of gaps (Tamura et al., 2011) . Bootstrap resampling (10 000 datasets) of the multiple alignments was used to test the statistical robustness of the trees. MEGA5 was also used to calculate synonymous and nonsynonymous mutation rates and mean diversity at the HVR1. Calculations were first performed on the complete dataset and then repeated with variants grouped into three categories that more accurately reflected the partition of the quasispecies population diversity present: (i) lineage 1 typical variants, (ii) lineage 1 atypical variants and (iii) lineage 2 variants. Analysis of recombination was performed using SimPlot (Lole et al., 1999) .
Nucleotide sequence GenBank accession numbers. Unique nucleotide sequences were deposited with GenBank and assigned accession numbers (Table 1) .
